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Introduction
Metal-organic frameworks (MOFs) have attracted remarkable attention in the past decade as a result of their amazing structural topographies, 1 as well as their excellent properties and applications, including storage of gases, catalysis, drug delivery, magnetism and luminescence.
2 A large variety of MOFs have already been synthesised through the selfassembly of ligands and metal ions. However, the prediction of a final outcome in MOF synthesis remains a great challenge. The attainment of MOFs depends on many parameters such as coordination geometries of the metal centres, the coordination sites of the ligand used, metal-ligand ratio, the nature of the counter ions and solvent. Carboxylates and tetrazoles have been studied previously for their abilities to form coordination polymers. 3 However, research on coordination polymers composed of n-pyridyl-tetrazole derivatives (n = 3 or 4) is limited 4 while those composed of n-pyridyl-tetrazole derivatives (n = 2) are rare.
5
Our research with pyridyl-tetrazole ligands 6 has led to derivatives containing either pendant ester or carboxylate groups as organic linkers in MOFs (Scheme 1). The use of carboxylate derivatives are of interest from a structural point of view, since the carboxylate group can adapt various coordination modes including monodentate and bidentate. 7 The combination of a pyridine ring and a tetrazole ring provide more coordination sites for metals to bind to and could impart rigidity in the final supramolecular structure. In this paper, we report on the reactions of these ligands with copper(II) chloride, including five crystal structures.
what we have previously reported in the literature. 7b,7c Column chromatography was used to separate the two products. In both cases, the loss of the CH 2 Br signal and the appearance of a triplet at 5.74 ppm for the 1-N compound L2A and 5.50 ppm for the 2-N compound L2B in the 1 H NMR spectra of the products was taken as evidence for the formation of the correct products. Furthermore, L2A gave a signal at ~152 ppm, while L2B gave a signal at ~160 ppm in their 13 C NMR spectra, indicative of the formation of 1,5-and 2,5-disubstituted tetrazole rings. 7a,8 Synthesis and characterisation of copper complexes of L2A and L2B
The reaction of L2A or L2B with CuCl 2 •2H 2 O in a 1:1 metal:ligand ratio in methanol resulted in highly coloured solutions, which were allowed to stand for several days. Green crystals of [Cu(L2A)Cl 2 ] 2 (1) and blue crystals of Cu(L2B) 2 Cl 2 (2) crystallised from the respective solutions on standing (Scheme 1). The IR spectra of both 1 and 2 were obtained and compared with their respective starting ligands. It was observed that the carbonyl vibration remained unchanged on going from the ligand to the metal complex, which would suggest that the copper ion is not bonded to the ester group but is instead bonded through the nitrogen atoms of the pyridine and tetrazole rings, as had been observed in other pyridinetetrazole systems previously reported. The single crystal structures of both were established by X-ray crystallography. Crystallographic data for all structures are presented in Table 1 (SI).
Crystal structures of 1 and 2
Compound 1 crystallises in the triclinic space group P¯1 and established the 1:2 nature of the molecule (Fig. 1a,b) . The molecular structure consists of a dichloro-bridged dimeric {Cu(II)(µ-Cl)Cl} 2 unit, with the coordination sphere about each Cu(II) atom comprising one pyridine N atom, one tetrazole N atom and three chlorine atoms (two of which are µ-Cl bridging chlorines). The dimeric complex lies on a crystallographic inversion centre which lies at the centre of the [Cu(II)(µ-Cl)Cl] 2 core and this structure is similar to the previously
The coordination geometry of each copper(II) centre is a distorted square pyramidal, with the Addison parameter, t = 0.22 (where t = 0 for ideal squarepyramidal and t = 1 for ideal trigonal-bipyramidal). Each pyridyl-tetrazole ligand binds to the copper(II) atom through one tetrazole N atom at the 1-N site of the tetrazole ring and through the pyridyl N atom, generating a five-membered chelate ring. As previously observed, the 5-membered tetrazole ring is slightly twisted with respect to the 6-membered pyridyl ring at an angle of 9.9(2)° with the 6 atom co-planar ester group almost orthogonal with the tetrazole-pyridine ligand at 83.79(7)°. 7b,9,11 In the central core, the four-membered Cu 2 Cl 2 ring is planar and is comparable with those of related dichloro-bridged dimers in the literature. complex formed from the reaction of ZnCl 2 with 5-(2-pyridyl)tetrazole-2-acetic acid. The major difference between both structures is that in our compound 2, the ligand is neutral whereas in the case of the zinc complex, the 5-(2-pyridyl)tetrazole-2-acetic acid ligand is anionic. In 2, however, there is a slight twist within the ligand so that the planes of the tetrazole and pyridine rings form a dihedral angle of 5.38(13)°; the five atom co-planar ester group is 77.93(5)° to the 11-atom ligand ring atoms (the terminal CH 3 is not included). The coordination at the Cu centre is asymmetric with the Cu-N bond lengths differing by 0.44 Å (the Cu-N tetrazolyl bond length in 1 is ≅ 2.0 Å). Differences can be ascribed to the 5 vs 6-coordination and the more symmetrical nature of 1 as compared to 2 at the Cu centre. There are no classical hydrogen bonds in 2 and the important intermolecular contacts are the three C-H...Cl and two C-H...O per asymmetric unit. In fact the Cu-Cl group resides in a pocket with three C-H moieties directed towards the chloride ligand; however the H...Cl distances are 0.2 Å longer than observed in 1.
Fig. 2
The molecular structure of 2 with displacement ellipsoids at the 30% probability level.
Synthesis of carboxylate ligands (L3A & L3B) and their copper complexes 3-6
Recent work by Zhou and co-workers 4 ] n (tza = tetrazole-5-acetato) which formed a 2D layer structure containing 4-, 5-, 6-and 14-membered rings. Two important features of this complex were both the loss of the ester group and the incorporation of the sodium ion into the polymer on complexation. This raised the question on whether the ligands L2A and L2B would behave in a similar manner, if the complexation reaction with copper chloride was carried out in NaOH solution.
The conversion of an ester to a carboxylic acid is easily achieved using NaOH in methanol. 15 This reaction would have a two-fold benefit: i) it would give a carboxylate group on the tetrazole unit and this carboxylate could then become involved in potential inter-and intramolecular interactions, and ii) as there were sodium ions in solution, these ions could possibly interact with the carboxylate groups to give metal-organic frameworks (MOFs). So, the reactions of L2A and L2B with NaOH were carried out in a mixture of methanol and water (as in Scheme 1) before adding a solution of CuCl 2 •2H 2 O in methanol to each reaction, without isolating the new ligands.
In the initial reaction, NaOH in distilled water was added to a solution of L2A in methanol and the resulting solution was refluxed for 1 hour. After this time, the methanolic copper chloride solution was added to the hot solution and immediately a blue solid precipitated from solution. Elemental analysis of the blue solid suggested that there was no sodium present in the complex and that the empirical formula of the compound was C 8 H 6 CuN 5 O 2 (3).
This blue solid was then dissolved in water and allowed to stand for several days in order to get crystals suitable for X-ray crystallography. After several days, blue crystals of 3 were obtained.
The reaction was repeated with the reaction conditions changed slightly in order to try and get better solubility of the material and also to see if it was possible to get sodium ions into the final molecule, in a manner similar to Zhou and co-workers. 14 The ligand L2A was dissolved in a mixture of distilled water and methanol (10:1 ratio) and to this was added the NaOH, after which the solution was heated to reflux for 1 hour. The copper salt was added as an aqueous solution to the hot solution. The resulting solution was allowed to stand for several days from which blue block-like crystals (4) precipitated slowly. The elemental analyses of these crystals showed that no sodium was present in this complex either and gave the empirical formula C 16 H 14 CuN 10 O 5 . Crystallographic studies of both 3 and 4 were undertaken.
Two similar complexation reactions to those carried out with L2A were carried out with L2B. The new ligand L3B was used immediately on formation and reaction with copper(II) chloride in both solvent systems resulted in the formation of two blue complexes 5 and 6. The elemental analyses of 5 gave an empirical formula of C 16 H 12 Cu 3 N 10 O 6 while that of 6 gave one of C 16 H 16 CuN 10 O 6 . A crystallographic study of 6 was also undertaken.
Crystal structures of 3, 4 & 6
Crystal 3 crystallises in the triclinic space group P-1 (No. 2) and the complex resides on a crystallographic inversion centre and the complex is shown in Fig. 3 (the asymmetric unit contains a Cu atom and the ligand). Each copper(II) centre is in an octahedral geometry, being coordinated by four nitrogen atoms of two L3A ligands in the equatorial plane and two axial oxygen atoms from two other L3A ligands lying above and below the copper(II) ion (Fig. 4) . The molecule is neutral overall since the charges on the copper ion are balanced by the two singly charged anionic carboxylate ligands. Thus, each L3A ligand (that exhibits a considerable twist of 15.0(3)° between the pyridine/tetrazole rings) is involved in bonding one copper ion through the pyridine N atom and the tetrazole N1 atom, in a bidentate manner, while also bonding to a second copper ion through the O2 oxygen atom of the carboxylate group in a unidentate fashion. This method of bridging is common in carboxylate complexes. 3, 16 Only one of the two carboxylate oxygen atoms are involved in bonding within the molecule (polymeric chain) and this can be observed in the C-O and C=O bond lengths in the carboxylate ligand. 5, each carboxylate group present in the structure coordinates in either a unidentate (O2) or bidentate manner (using O3, O4). As a result of coordination modes adopted by the carboxylate groups, niches of various sizes are formed within the structure and these are either 16 or 22 atoms in size (Fig. 6) . (Fig. 7a,b) . from four different molecules can be seen in Fig. 9 . This strong O-H…O hydrogen bonding then creates a large network of interactions throughout the structure with molecular niches that are too small to contain a solvent molecule, resulting in the partial framework structure as shown in Figure 9 . Here, the pockets containing the copper(II) ions can be seen within the honeycomb structure formed by the organic matrix. Future design will expand the organic framework to expand and connect these niches.
EPR spectra of 1-6
X-band EPR spectra were recorded of 1-6 as powders at room temperature, see ESI Figures S1-S6. As the spectra revealed no signature of metal-metal interactions, the spectra were 
Fluorescence spectroscopy
The fluorescence spectra of the free ligands L2A and L2B and compounds 1-6 were studied in aqueous solution at room temperature. The concentration used in each case was 12 µM.
The emission spectrum of the free ligand L2A exhibited emission bands at ca. 452 nm with λ ex = 272 nm (see Fig. 10 ). The related complexes 1, 3 and 4 exhibited decreased luminescence intensities relative to the free ligand with complex 1 causing considerable quenching of the fluorescence signal. The quenching in all cases is attributed to copper(II)
coordination. The quenching is not as dramatic for complexes 3 and 4, but then the ligand used in those complexes is not the ester ligand L2A, so a direct comparison cannot be made.
Furthermore, compared with the emission spectrum of L2A, a large blue shift of 94 nm in 1 is observed, with smaller shifts of 7 and 39 nm observed for 3 and 4. Interestingly, whilst exhibiting intense excitation spectrums, the free ligand L2B and related complexes 2, 5 and 6 showed little or no emission, indicating that they undergo a different relaxation pathway to the N1 derivatives.
Conclusions
In summary, this study reveals the coordination patterns of the title ligand in its ester and carboxylate form with Cu(II) ions. We present six novel coordination complexes 1-6. The structures of these complexes has been established by single-crystal X-ray diffraction analysis and also characterised by IR and elemental analysis. Whilst 1 and 2 are independent complexes, 3 and 4 are coordination polymers due to coordination of carboxylate oxygen atoms as well as pyridine and tetrazole nitrogen atoms. 3 is characteristic of a 1D chain-like structure, whereas 6 forms more complex 3D supramolecular networks by intermolecular hydrogen bonds. The solution state emission spectra of the polymers 3 and 4 showed quenching of the emission band compared to that of the free ligands, whereas 5 and 6 showed no such effect. Further fluorescence studies are being undertaken to investigate this phenomenon. Evaluation of potential porosity features of the polymers/frameworks also requires more intensive investigation. Bruker Elexsys E500 spectrometer, operated at the X-band and equipped with an Oxford
Instruments cryostat. Fluorescence spectra, in emission mode, were recorded using a Jasco FP6300 fluorescence spectrophotometer. All measurements were made using 3000 µL quartz cells. Microanalyses were carried out at the Microanalytical Laboratory of the National University of Ireland Maynooth. Standard Schlenk techniques were used throughout. Starting materials were commercially obtained and used without further purification. The compound 2-(2H-tetrazol-5-yl)pyridine (L1) has been reported previously.
7b
Caution! Nitrogen-rich compounds such as tetrazole derivatives are used as components for explosive mixtures. 19 In our laboratory, the reactions described were run on a few gram scale, and no problems were encountered. However, great caution should be exercised when heating or handling compounds of this type.
General procedure for ligand synthesis:
To L1 (2.00 g, 13.6 mmol) dissolved in acetonitrile (60 mL) was added potassium carbonate = 3015, 2989, 2970, 1748, 1591, 1538, 1474, 1437, 1378, 1274, 1251, 1228, 1117, 1019, 809, 751, 728 cm = 3001, 2958, 1745, 1596, 1520, 1467, 1417, 1368, 1345, 1231, 1051, 1032, 882, 797, 737 cm C 32.65, H 3.02, N 19.05; found C 32.24, H 2.88, N 18.27. IR (KBr): υ = 3101, 2978 , 2947 , 1749 , 1616 , 1556 , 1481 , 1456 , 1373 , 1297 , 1261 , 1230 , 1111 , 1009 . 2984, 2967, 1749, 1611, 1450, 1388, 1368, 1283, 1214, 1018, 875, 799, 756 cm -1 . λ max (MeOH) 800 nm, ε = 61 M H 2.40, N 22.23; found C 33.22, H 2.64, N 23.80. IR (KBr): υ = 3095, 2959 , 1659 , 1635 , 1608 , 1571 , 1448 , 1367 , 1286 , 1215 , 1158 , 1067 , 1028 . λ max ( = 3195, 3022, 1728, 1628, 1614, 1465, 1453, 1420, 1376, 1289, 1221, 1174, 1164, 1066, 1031, 826, 797, 731 cm -1 . λ max (760) 
X-ray structure determination
Single-crystal X-ray data for all five structures 1-4 and 6 were collected on an Oxford Diffraction Gemini-S Ultra diffractometer at 294(1) K, with θ range 2-25º minimum and 100% data coverage to 25º (on θ). with all non-hydrogen atoms having anisotropic displacement parameters. Hydrogen atoms attached to carbon were treated as riding atoms using the SHELXS97 defaults at 294(1) K using the OSCAIL software whereas hydrogen atoms attached to water were allowed to refine with isotropic displacement parameters. 23 Selected crystallographic and structural information are detailed in Table 1 . Molecular diagrams (Figures 1 to 9 ) were generated using standard graphics packages. 24 All searches and analyses of the Cambridge Structural Database (CSD) were performed with the November 2012 release (version 5.34 + 3 updates). 13, 25 The solutions and refinements proceeded without problems except for 3 which is a multicrystalline material which diffracted weakly.
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